A mode-locked f iber laser gyroscope is reported that uses a distributed-feedback semiconductor laser amplif ier as the gain medium. Stable mode-locked optical pulses were obtained without gain competition, and the pulse interval could be measured with much-improved accuracy as a function of rotation rate. The rms noise equivalent rotation rate was measured to be 0.4 deg͞ p h. © 1996 Optical Society of America
Since the early development of the fiber-optic gyroscope, many different ways of measuring the rotation-induced Sagnac phase shift have been investigated. 1 One of the key issues with the fiber-optic gyroscope has been the relatively complicated optical and/or electronic signal processing needed for retrieval of the Sagnac phase shift from the intensity output, which has a sinusoidal dependence on the phase shift. 2 On the other hand, the output of a ring laser gyroscope is the beat frequency of the laser lines circulating in opposite directions, requiring much simpler electronic signal processing. 3 Recently a mode-locked fiber laser gyroscope (MLFLG) was proposed and demonstrated that has a new form of output in the time domain. 4 The gyroscope is a laser composed of a rare-earth-doped fiber amplifier as the gain medium and a Sagnac interferometer functioning as both a loop ref lector 5 and a rotation-sensing element. The output of the MLFLG is a series of mode-locked optical pulses, with two pulses per every round-trip time of light in the laser cavity. The separation of the two sets of optical pulses in the time domain varies as a function of rotation rate. However, the MLFLG built with a fiber amplif ier exhibits very strong gain competition between the two sets of mode-locked optical pulses, leading to detrimental errors in the measurements of rotation rate. The strong gain competition is due mainly to the inherent long lifetime (a few milliseconds) of the excited state of the fiber amplifier that leads to a slow gain recovery after the gain is depleted by an optical pulse input. 6 In this Letter we present a solution to the abovestated problem by using a semiconductor laser amplif ier (SLA) with a fast gain recovery 7 for the gain medium of the MLFLG. Experimental results show an almost complete suppression of the gain competition, resulting in the much-improved operation of the MLFLG with stable optical pulses. An additional simplif ication of the optical circuit is also realized by use of the SLA as a photodetector, which also provides the required gain for the MLFLG.
The experimental setup of the MLFLG is shown in Fig. 1 . The distributed-feedback (DFB) SLA was mounted on a temperature-stabilized stud. The entire optical circuit is a fiber laser cavity formed by a planar mirror and a Sagnac interferometer as the other ref lector, with the DFB SLA as an amplifying medium. When the DFB SLA was operated as a laser without the fiber circuit, the threshold current of the free-running DFB laser diode was 8.67 mA and the lasing wavelength was 1.525 mm with a side-mode suppression ratio of 30 dB. The interfacing (front) facet of the DFB SLA to the optical fiber circuit was antiref lection coated, and the other facet acting as the effective ref lector of the MLFLG had a cleaved surface. The ref lectivities of the front and back facets were estimated to be 6.5% and 31.1%, respectively. The DFB SLA was driven at a current level lower than 8.67 mA so that it would not lase by itself. Light coupling between the DFB SLA and a single-mode fiber was provided by a plano -convex gradient-index lens with ϳ 40% optical coupling eff iciency. Initially we tried a conventional laser-diode structure with two cleaved facets, one of which was antiref lection coated. However, we observed mode hopping and multilongitudinalmode excitation that eventually led to unstable mode locking of the MLFLG. The use of a DFB SLA containing a wavelength-selective element inside the device provided enhanced optical gain concentrated on a single wavelength. As a result, stable mode locking of the MLFLG was obtained with the DFB SLA as the gain medium, even when the antiref lection coating had a considerable residual ref lectivity. For the stable reciprocal operation of the Sagnac loop mirror with reduced polarization drift, a highly birefringent polarization-maintaining fiber was used for the loop mirror that included the tunable directional coupler. The polarization-maintaining fiber in the loop mirror was 283 m long and was wound around a spool with a diameter of 15.2 cm. A piezoelectric-transducer cylinder-type phase modulator was placed at one end This condition produces purely amplitude-modulated mode locking of the laser. A 131-m-long conventional circular-core fiber, inserted between the DFB SLA and the loop, was suff icient for the purpose. A polarization controller outside the loop was used to control the birefringence of the length-matching fiber. In the experimental setup the ac component of the optical signal from the MLFLG was extracted from the DFB SLA while a dc injection current was supplied by use of a bias T. The detected signal corresponds to the junction voltage variation resulting from the optical signal's passing through the DFB SLA by means of the stimulated transition mechanism. 8 The responsivity of the DFB SLA used in the experiment was evaluated to be ϳ10 mV͞mW.
Mode locking of the fiber laser was obtained by application of a sinusoidal voltage at f m 376 kHz to the phase modulator, which corresponded to the longitudinal mode spacing of the laser cavity formed by the back facet of the DFB SLA and the fiber loop mirror. The threshold current of the DFB SLA required for mode-locked operation of the fiber laser was 6 mA smaller than that of the free-running laser operation. It should be noted that stable modelocked operation of the fiber laser was obtained only when the injected dc current exceeded the threshold current around the peaks of the sinusoidally modulated ref lectivity of the loop mirror. Figure 2 (a) shows the output of the MLFLG without rotation-rate input and shows equally spaced modelocked pulses with a pulse interval of 1.33 ms. The timing of the pulses coincided with the occurrence of the maximum ref lectivity of the loop mirror, as described in Ref. 4 . The pulse width was ϳ100 ns, close to the value calculated with our experimental parameters. 9 With the proper setting of the polarization controller the laser was operated in a single polarization state. The output pulse had an amplitude of ϳ70 mW after passing through an electrical amplif ier with 24-dB voltage gain, which corresponded to ϳ28 mW of peak optical power at the DFB SLA. It can be clearly seen that the two sets of modelocked pulses are identical in their amplitudes and shapes, as a result of good suppression of the gain competition. To measure the degree of identity of the two sets of pulses, we directed the output signal to a rf spectrum analyzer, with the results shown in Fig. 2(b) . From the observation that only the even-harmonic components of the modulation frequency (376 kHz) are present, we can conclude that the suppression of gain competition was satisfactory. Figure 2(c) shows the output pulse train when the MLFLG was rotating at a rate of 55 deg͞s with a phase modulation amplitude ͑f m ͒ of 3.1 rad. We can clearly see the shift in the timing of the pulses and, most importantly, that the pulses were stable in their shape and magnitude even when the gyroscope was rotating.
The timing of the two sets of pulse trains is shifted in the opposite directions according to 4 
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T 2p sin where T 1͞f m , which is the cavity round-trip time, and f R is the Sagnac phase shift. Figure 3 shows the shift of the timing of the pulses, Dt, as a function of rotation rate for four different values of phase modulation amplitudes ͑f m 1.3, 1.9, 2.5, and 3.1 rad) along with theoretical curves for comparison. The time interval between pulses was measured by a time-interval analyzer (HP 5371A). As a result of the stability of the pulses, we could analyze, for the first time to our knowledge, the performance of a MLFLG in rotation-rate measurements. Figure 4 shows the mean time deviation of the time interval between each set of mode-locked pulses (i.e., 2Dt) measured by a universal counter͞timer (TEK DC5010) when the gyroscope is at rest and f m 3.1 rad. Every data point is an average of 10 6 consecutive time-interval measurements, corresponding to a 2.66-s integration time. The rms time jitter was 11.08 ps around the mean value of 390 ps. The rms time jitter corresponds to ϳ40.6 mrad of optical phase error and 14.6 deg͞h of rotation-rate error. Considering the integration time of 2.66 s, we calculated the random-walk noise to be 0.4 deg͞ p h. The offset of 390 ps from the half-period of the applied modulation signal corresponds to 1.43 mrad of optical phase offset and to ϳ515 deg͞h of rotation-rate offset. We can make further improvements by narrowing the pulse width, which is currently limited by the narrow gain bandwidth of the DFB SLA and the small modulation index that is due to relatively high residual ref lectivity of the front facet.
In conclusion, we have demonstrated a muchimproved mode-locked fiber laser gyroscope, using a DFB SLA as the gain medium. Stable mode-locked operation was obtained without any evidence of gain competition, and the rms noise equivalent rotation rate of the MLFLG was 0.4 deg͞ p h.
